Background: Three-ring polyamides containing N-methylimidazole and N-methylpyrrole amino acids bind sequence-specifically to double-helical DNA by forming side-by-side complexes in the minor groove. Simple pairing rules relate the amino-acid sequence of a pyrrole-imidazole polyamide to its expected DNA target site, and polyamides that target a wide variety of DNA sequences have been synthesized. We have shown previously that two three-ring subunits could be linked together by an aliphatic amino acid, increasing the binding affinity of the polyamide and, in some cases, increasing the length of the target sequence. We set out to determine whether different types of linkers could be used in a single molecule to generate a nine-ring polyamide molecule that would bind to specific DNA sequences.
Introduction
The three-ring polyamide ImPyPy-Dp (Im = N-methylimidazole, Py = N-methylpyrrole, Dp = dimethylaminopropylamide) was found by footprinting and affinity cleavage studies to specifically bind to the sequence 5'-TGTCA-3' [1] . In the (ImPyPy-Dp) 2 •5'-(A,T)G(A,T)-C(A,T)-3' complex, each polyamide makes specific contacts with one strand on the floor of the minor groove such that the sequence specificity depends on the sequence of side-by-side amino acid pairings between the two polyamide molecules [1] [2] [3] . A pairing of imidazole opposite pyrrolecarboxamide targets a G•C base pair, and a pairing of pyrrolecarboxamide opposite imidazole targets a C•G base pair [1] [2] [3] . A pyrrole-pyrrole combination is partially degenerate and targets both T•A and A•T base pairs [1] [2] [3] [4] [5] [6] . Specificity for G,C base pairs results from the formation of a hydrogen bond between the imidazole N3 atom and the exocyclic amino group of guanine [1, 2] . The generality of these pairing rules has been demonstrated by targeting a wide variety of sequences [7] [8] [9] [10] [11] .
Hairpin and extended binding motifs
In addition to elucidating the scope and limitations of the sequence-specificity rules, we have made efforts to increase the DNA-binding affinity of polyamides by covalently linking three-ring polyamide subunits [12] [13] [14] [15] . Some of the polyamide molecules that have been studied and their interactions with DNA are depicted schematically in Figure  1 . The polyamide ImPyPy-␥-PyPyPy-Dp, containing a 'turn' amino acid, ␥-aminobutyric acid (␥), specifically binds to the designated target site 5'-TGTTA-3' in a 'hairpin' conformation ( Fig. 1c) with an equilibrium association constant of K a = 8 x 10 7 M -1 . This is an increase of ~800-fold relative to unlinked three-ring polyamides [15] . Addition of a carboxy-terminal ␤-alanine residue enhances both the binding affinity and sequence specificity of hairpin polyamides [16] (Fig. 1b) .
The six-ring polyamide ImPyPy-␤-PyPyPy-Dp containing an internal ␤-alanine (␤) residue specifically binds as a dimer in an extended conformation to two designated target sites, 5'-TGTTAAACA-3' (9 base pairs (bp)) and 5'-AAAAAGACAAAAA-3' (13 bp), with equilibrium association constants of K a = 8 x 10 8 M -1 and K a = 5 x 10 9 M -1 , respectively. This represents increases of 10-fold for the 9-bp recognition sequence and 100-fold for the 13-bp sequence over the formally N-methylpyrrolelinked polyamide ImPyPy-Py-PyPyPy-Dp [17] . Addition of a carboxy-terminal amino acid regulates the specificity between the 13-bp and 9-bp binding modes. Two ImPyPy-␤-PyPyPy-␤-Dp polyamides, each containing a carboxyterminal ␤-alanine residue, can bind directly opposite one another (Fig. 1d) , whereas two ImPyPy-␤-PyPyPy-G-Dp polyamides, each containing a carboxy-terminal glycine residue, strongly favor binding in the 13-bp binding mode (Fig. 1e) . The 13-bp binding mode integrates the 2:1 and 1:1 polyamide-DNA binding motifs at a single site [18] . The ImPyPy moieties of two ImPyPy-␤-PyPyPy-G-Dp polyamides bind the central 5'-AGACA-3' sequence in a 2:1 manner, as does the ImPyPy homodimer, and the PyPyPy moieties of the polyamides bind the all-A,T flanking sequences as in the 1:1 distamycin-DNA complexes (Fig. 1a) .
It has been demonstrated that ␥-aminobutyric acid does not optimally link polyamide subunits in extended conformations, and ␤-alanine does not optimally link polyamide subunits in hairpin conformations. The polyamide ImPyPy-␤-PyPyPy-Dp binds the hairpin site 5'-TGTTAgacc-3' with an association constant of K a ≤ 2 x 10 6 M -1 , a decrease of ≥ 40-fold relative to ImPyPy-␥-PyPyPy-Dp, and displays a cooperative binding isotherm (eq. 2, n = 2; see Materials and methods) in quantitative footprinting experiments at this site, consistent with mismatched binding as an intermolecular dimer [15] . The polyamide ImPyPy-␥-PyPyPy-Dp binds the 13-bp site 5'-AAAAAGACA-AAAA-3' with an association constant of K a = 6 x 10 6 M -1 , a decrease of 700-fold relative to ImPyPy-␤-PyPyPy-Dp, and displays a Langmuir binding isotherm (eq. 2, n = 1) at this site, consistent with mismatched binding as a hairpin. The site 5'-TGTTAAACA-3' is a match site for both hairpin (5'-TGTTA-3' and 5'-AAACA-3') and extended binding by ImPyPy-X-PyPyPy-Dp polyamides. ImPyPy-␥-PyPyPy-Dp and ImPyPy-␤-PyPyPy-Dp both bind to this sequence with high affinity (K a = 1 x 10 8 M -1 and K a = 8 x 10 8 M -1 , respectively), but display, respectively, a Langmuir isotherm consistent with hairpin binding, and a cooperative isotherm consistent with extended binding. Remarkably, given their simplicity and similarity, ␥-aminobutyric acid and ␤-alanine selectively link polyamide subunits in hairpin and extended conformations, respectively.
Extended hairpin motif
The results described above suggest that ␥-aminobutyric acid and ␤-alanine could be combined within a single polyamide with predictable results. We report here the synthesis of the nine-ring polyamide ImPyPy-␥-ImPyPy-␤-PyPyPy-G-Dp and its association constant for the designated 9-bp target site 5'-AAAAAGACA-3'. The expected ImPyPy-␥-ImPyPy-␤-PyPyPy-G-Dp•5'-AAA-AAGACA-3' 'extended hairpin' complex integrates the 1:1 and 2:1 polyamide-DNA motifs at a single site (Fig. 1f, Fig. 2) . Each of the three linkers within the polyamide is expected to fulfill a specific function: ␥ links subunits in a hairpin conformation, ␤ links subunits in an extended conformation, and G confers specificity for the 1:1 binding mode at the carboxyl terminus of the polyamide.
In principle, the 'extended hairpin' motif could provide a general motif for targeting hairpin binding sites having an (A,T) 4 flanking sequence. Since six-ring hairpin polyamides already have high DNA-binding affinity (K a Ϸ 10 8 M -1 ), adding an optimally linked three-ring subunit should provide a polyamide with very high DNAbinding affinity. To determine the increase in binding affinity provided by the carboxy-terminal PyPyPy subunit, the six-ring hairpin polyamide ImPyPy-␥-ImPyPy-␤-Dp Schematic models of specific polyamide-DNA complexes. (a) 1:1 complex of distamycin, (b) 2:1 complex of ImPyPy-Dp, (c) 'hairpin' complex of ImPyPy-␥-PyPyPy-␤-Dp, (d) 9 bp and (e) 13 bp 'extended' complexes formed by ImPyPy-␤-PyPyPy-␤-Dp and ImPyPy-␤-PyPyPy-G-Dp, respectively, and (f) 'extended hairpin' polyamide ImPyPy-␥-ImPyPy-␤-PyPyPy-G-Dp bound to a nine base pair target site. Red and blue circles represent imidazole and pyrrole rings, respectively. Green triangles and diamonds represent glycine and ␤-alanine, respectively. ␥-aminobutyric acid is represented as a curved green line. was synthesized and its equilibrium association constant for the site 5'-AGACA-3' determined.
Binding to the 9-bp target site 5'-ATATAGACA-3' was also investigated. Based on previous results with the distamycin analog Ac-PyPyPy-Dp (Ac = acetyl), a preference of ImPyPy-␥-ImPyPy-␤-PyPyPy-G-Dp for 5'-AAAAA-GACA-3' over 5'-ATATAGACA-3' is expected.
Equilibrium association constants for the polyamides ImPyPy-␥-ImPyPy-␤-Dp (compound 1) and ImPyPy-␥-ImPyPy-␤-PyPyPy-G-Dp (compound 2) for two 9-bp target sites 5'-AAAAAGACA-3' and 5'-ATATAGACA-3' located on a 247-bp restriction fragment, and to additional binding sites identified on the fragment, were determined by quantitative DNase I footprint titration experiments. We also carried out affinity cleavage experiments using the EDTA•Fe(II) polyamide ImPyPy-
to determine the DNA-binding orientation and qualitative DNA-binding affinity and specificity of this molecule (Fig. 3 ).
Results and discussion

Synthesis
All polyamides were prepared in high purity using solidphase synthetic methodology [19] . Polyamides 1 and 2 ( Fig. 3 ) were assembled in a stepwise manner on Boc-␤-alanine-Pam resin and Boc-glycine-Pam-resin, respectively. Polyamides 1, 2 and 2-NH 2 were cleaved from the support with an appropriate primary amine and purified by reversed-phase high-pressure liquid chromatography (HPLC) (Fig. 4) to provide 10-30 mg of polyamide. Polyamide 2-NH 2 , which contains a primary amine group suitable for modification, was treated with an excess of the dianhydride of EDTA, unreacted anhydride was hydrolyzed, and the EDTA-modified polyamide 2-E was isolated by reversed-phase HPLC.
Research Paper Sequence-specific minor groove binders Trauger et al. 371 Synthetic scheme for preparation of polyamides 2, 2-NH 2 and 2-E. Cycling protocols consist of trifluoroacetic acid (TFA) deprotection followed by coupling with HOBt-activated Boc-pyrrole or Boc-imidazole ester (steps i-xxii). The resin is then cleaved by treatment with a primary amine (step xxiii) and purified by reversed-phase HPLC. Polyamide 2-NH 2 is subsequently modified with EDTA dianhydride (steps xxiv and xxv), providing the affinity-cleaving analog 2-E. 
DNA-binding orientation
We carried out affinity cleavage experiments [1, 20] using ImPyPy-␥-ImPyPy-␤-PyPyPy-G-Dp-EDTA•Fe(II) (2-E•Fe(II)) and the 5'-or 3'-32 P end-labeled 247-bp pJT4 AflII/FspI restriction fragment (Fig. 5) . This polyamide selectively binds to the 5'-AAAAAGACA-3' and 5'-ATATAGACA-3' target sequences at subnanomolar concentration. A single 3'-shifted cleavage pattern is observed at each 9-bp site, indicating that the polyamide is bound in one orientation with the carboxyl terminus at the 5' end of the 5'-AAAAAGACA-3' or 5'-ATATAGACA-3' sequences (Fig. 6 ).
DNA-binding affinity and specificity
The exact locations and sizes of all binding sites were determined first by preliminary footprinting experiments using the cleavage reagent methidiumpropyl EDTA•Fe(II) [21] (data not shown). Quantitative DNase I footprint titration experiments [22] [23] [24] on the 3'-32 P-labeled 247-bp restriction fragment (in 10 mM Tris•HCl, 10 mM KCl, 10 mM MgCl 2 , 5 mM CaCl 2 , pH 7.0, 22 ºC) revealed that ImPyPy-␥-ImPyPy-␤-PyPyPy-G-Dp specifically binds the 5'-AAAAAGACA-3' and 5'-ATATAGACA-3' target sequences with equilibrium association constants of K a Ϸ 2 x 10 10 M -1 and K a = 8 x 10 9 M -1 , respectively (Figs 7,8 and Table 1 ). The polyamide binds to additional sites on the restriction fragment with lower affinity. For comparison, the Research Paper Sequence-specific minor groove binders Trauger et al. 373
Figure 5
Partial sequence of the restriction fragment used for footprinting and affinity cleaving experiments. The two match sites (pink) and three mismatch sites (blue) are highlighted. Relative to the six-ring polyamide ImPyPy-␥-ImPyPy-␤-Dp, the nine-ring polyamide ImPyPy-␥-ImPyPy-␤-PyPyPy-G-Dp binds to the sequences 5'-AAAAAGACA-3' and 5'-ATATAGACA-3' with ~400-fold and ~100-fold higher affinity, respectively. Similar binding enhancements have recently been reported in a separate system [25] . Addition of a carboxy-terminal PyPyPy subunit using a ␤-alanine linker is thus an effective strategy for increasing the DNA-binding affinity of hairpin polyamides that bind adjacent to an (A,T) 4 sequence.
Polyamide ImPyPy-␥-ImPyPy-␤-PyPyPy-G-Dp binds to several mismatched sites present on the 247-bp restriction fragment with high affinity (Table 1 ). The two highest affinity mismatch sites, 5'-GAATTCACT-3' (K a = 4.5 x 10 9 M -1 ) and 5'-GTTTTCCCA-3' (K a = 2.5 x 10 9 M -1 ), are bound with at least five-fold reduced affinity relative to the optimal match site 5'-AAAAAGACA-3' (formally mismatched base pairs are underlined). This value may, however, be a lower limit due to the uncertainty in the very high equilibrium association constant for the optimal match site (see Materials and methods). In contrast, the six-ring polyamide ImPyPy-␥-ImPyPy-␤-Dp binds more strongly to the match site 5'-AGACA-3' than to the single base-pair mismatch sites 5'-ATTCA-3' and 5'-TTACA-3' by a factor of 10. Although it remains a challenge to optimize the specificity of the extended hairpin polyamide motif, it is significant that a wholly designed, synthetic polyamide specifically binds to a designated nine base-pair site at subnanomolar concentrations.
Significance
Small molecules that specifically bind to any sequence in the human genome would be useful tools in molecular biology and potentially in human medicine. Pyrrole-imidazole polyamides bind sequence-specifically 
Figure 8
The 'extended hairpin' polyamide 2 binds to the recognition sequence 5'-AAAAAGACA-3' with ~400-fold higher affinity than the 'hairpin' polyamide 1. Data from quantitative DNase I footprinting experiments using the polyamides 1 (purple squares) and 2 (blue circles) are shown. Each data point shows the average value obtained from three footprinting experiments. to DNA by forming side-by-side complexes in the minor groove. A simple code has been developed to rationally alter the sequence-specificity of these minor-groovebinding molecules, and has guided the design of polyamides that specifically target a wide variety of DNA sequences.
The results described here demonstrate that two simple amino acids, ␥-aminobutyric acid and ␤-alanine, optimally connect polyamide subunits in different and predictable conformations. A designed three-subunit polyamide incorporating both linkers specifically binds to a designated nine-base-pair target site at subnanomolar concentrations. The high binding affinity and sequence-specificity of pyrrole-imidazole polyamides, coupled with a broad targetable sequence repertoire and an efficient solid-phase synthesis methodology, provide a powerful class of non-natural molecules for sequence-specific recognition of double helical DNA.
Materials and methods
NMR spectra were recorded on a GE 300 instrument operating at 300 MHz ( 1 H) or 75 MHz ( 13 C). Spectra were recorded in DMSO- 
ImPyPy-␥-ImPyPy-␤-Dp (compound 1)
ImPyPy-␥-ImPyPy-␤-PyPyPy-G-Dp (compound 2)
ImPyPy-␥-ImPyPy-␤-PyPyPy-G-Dp-NH 2 (compound 2-NH 2 )
Polyamide 2-NH 2 was prepared by machine-assisted solid phase methods as a white powder (29 mg, 59 % recovery). HPLC RT: 21. 
ImPyPy-␥-ImPyPy-␤-PyPyPy-G-Dp-EDTA (compound 2-E)
EDTA-dianhydride (50 mg) was dissolved in 1 ml DMSO/NMP solution and 1 ml DIEA by heating at 55 ºC for 5 min. The dianhydride solution was added to ImPyPy-␥-ImPyPy-␤-PyPyPy-G-Dp-NH 2 (9.0 mg, 5 mol) dissolved in 750 l DMSO. The mixture was heated at 55 ºC for 25 min, treated with 3 ml 0.1 M NaOH, and heated at 55 ºC for 10 min. 0.1 % TFA was added to adjust the total volume to 8 ml and the solution Research Paper Sequence-specific minor groove binders Trauger et al. 375 Table 1 Equilibrium A and G sequencing were carried out as described [26, 27] . Standard methods were used for all DNA manipulations [28] .
Affinity-cleavage reactions
All reactions were executed in a total volume of 400 l. A stock solution of compound 2-E or H 2 O was added to a solution containing labeled restriction fragment (15 000 cpm), affording final solution conditions of 20 mM HEPES, 200 mM NaCl, 50 g ml -1 glycogen, and pH 7.3. Subsequently, 20 l of freshly prepared 20 mM Fe(NH 4 ) 2 (SO 4 ) 2 was added and the solution allowed to equilibrate for 20 min. Cleavage reactions were initiated by the addition of 40 l of 50 mM dithiothreitol, allowed to proceed for 12 min at 22 ºC, then stopped by the addition of 1 ml of ethanol. Reactions were precipitated and the cleavage products separated using standard methods [28] . Next, 10 l of a solution containing calf thymus DNA (140 M basepair) (Pharmacia) and glycogen (2.8 mg ml -1 ) was added, and the DNA precipitated. The reactions were resuspended in 1 x TBE/80 % formamide loading buffer, denatured by heating at 85 ºC for 10 min, and placed on ice. The reaction products were separated by electrophoresis on an 8 % polyacrylamide gel (5 % cross-link, 7 M urea) in 1 x TBE at 2000 V. Gels were dried and exposed to a storage phosphor screen (Molecular Dynamics). Relative cleavage intensities were determined by volume integration of individual cleavage bands using ImageQuant software.
Quantitative DNase I footprint titration experiments
All reactions were executed in a total volume of 400 l. A polyamide stock solution or H 2 O (for reference lanes) was added to an assay buffer containing radiolabeled restriction fragment (15 000 cpm), affording final solution conditions of 10 mM Tris•HCl, 10 mM KCl, 10 mM MgCl 2 , 5 mM CaCl 2 , pH 7.0, and either 1 pM-10 nM polyamide or no polyamide (for reference lanes). The solutions were allowed to equilibrate at 22 ºC for 12 h for polyamide 1 or 36 h for polyamide 2. Footprinting reactions were initiated by the addition of 10 l of a DNase I stock solution (at the appropriate concentration to give ~55% intact DNA) containing 1 mM dithiothreitol and allowed to proceed for 7 min at 22 ºC. The reactions were stopped by the addition of 50 l of a solution containing 2.25 M NaCl, 150 mM EDTA, 0.6 mg ml -1 glycogen, and 30 M base pair calf thymus DNA, and ethanol precipitated. Reactions were resuspended in 1 x TBE/80 % formamide loading buffer, denatured by heating at 85 ºC for 10 min, and placed on ice. The reaction products were separated by electrophoresis on an 8 % polyacrylamide gel (5 % cross-link, 7 M urea) in 1 x TBE at 2000 V. Gels were dried and exposed to a storage phosphor screen (Molecular Dynamics).
Quantitation and data analysis
Data from the footprint titration gels were obtained using a Molecular Dynamics 400S PhosphorImager followed by quantitation using ImageQuant software (Molecular Dynamics). Background-corrected volume integration of rectangles encompassing the footprint sites and a reference site at which DNase I reactivity was invariant across the titration generated values for the site intensities (I site ) and the reference intensity (I ref 
where [L] tot is the total polyamide concentration, K a is the equilibrium association constant, and min and max are the experimentally determined site saturation values when the site is unoccupied or saturated, respectively. The data were fit using a nonlinear leastsquares fitting procedure with K a , max , and min as the adjustable parameters. For polyamide ImPyPy-␥-ImPyPy-␤-Dp, binding isotherms for the 5'-AGACA-3' target sites were adequately fit by Langmuir isotherms (eq. 2, n = 1), consistent with formation of 1:1 polyamide-DNA complexes. For ImPyPy-␥-ImPyPy-␤-PyPyPy-G-Dp, steeper binding isotherms (eq. 2, n = 1.8-2.2) were observed at the target sites 5'-AAAAAGACA-3' and 5'-ATATAGACA-3'. We believe that the steepness of these isotherms is due to the very high equilibrium association constants at these sites, and emphasize that treatment of the data in this manner does not represent an attempt to model a binding mechanism. Rather, we have chosen to compare values of the apparent equilibrium association constant, a value that represents the concentration of ligand at which a site is halfsaturated. The binding isotherms were normalized using the following equation:
Four sets of data were used in determining each association constant. 
